Introduction
Extracellular vesicles (EVs) are cell-derived membranous particles present in human body fluids that contribute to coagulation [1, 2] , immune response [3, 4] and tumor progression [5, 6] , and may provide biomarkers in various diseases [7, 8] . Body fluids exposed to the 'milieu ext erieur', such as saliva and urine, contain coagulant tissue factor (TF)-exposing vesicles. TF, a transmembrane receptor, binds factor (F) VII and triggers extrinsic coagulation. Under physiological conditions, TF is constitutively expressed and produced by extravascular cells, and this TF will contact the blood upon vascular injury. TFexposing EVs in saliva most likely provide a source of coagulant TF in addition to the TF already present in the skin, which may explain the reflex of licking a wound. Previously, we demonstrated that saliva shortens the clotting time (CT) of human wound blood in vitro, suggesting that salivary EVs may play a role in hemostasis at sites of skin injury as a result of the licking reflex [2] .
Blood from healthy humans does not contain EVs exposing coagulant TF. Clearly, the presence of such EVs within the circulation is potentially dangerous, as reflected by the fact that EVs, isolated from a human wound and exposing coagulant TF, triggered TF-dependent thrombus formation in a rat venous stasis model [9, 10] . Under pathological conditions, cancer cells express TF [11, 12] and release EVs exposing TF [13] , and there is increasing evidence that circulating TF-exposing EVs are associated with the incidence of venous thromboembolism in cancer patients [1, 14] . Thomas et al. showed in a murine model of vascular injury that tumor cell-derived EVs exposing TF and P-selectin glycoprotein ligand-1 (PSGL-1) adhered to activated platelets by binding to P-selectin. In this manner, coagulant 'blood-borne' TF is deposited and concentrated at a site of vascular injury, where the deposited TF will trigger coagulation [15] . A similar mechanism has been proposed for monocyte-derived EVs (PSGL-1 + / TF + /CD14 + ) in a laser-induced model of endothelial injury [16] .
There is a second ligand known for P-selectin, CD24 [17, 18] . CD24 was first described in mice by Springer et al., who named this protein 'heat shock antigen' because of the resistance to heat [19] . CD24 consists of a small protein core of 27 amino acids that are heavily glycosylated, and CD24 is bound to the membrane by a phosphatidylinositol anchor [20, 21] . In humans, CD24 is exposed by hematopoietic cells, mostly B cells [22] and granulocytes [20, 23] .
Here we investigate whether coagulant TF-exposing EVs from human saliva expose ligands of P-selectin, and whether such EVs can deliver coagulant TF to activated platelets and trigger coagulation.
Experimental procedures

Materials
For flow cytometry analysis, antibodies against CD8-phycoerythrin (PE; clone SK-1), CD19-PE (clone HIB19), CD56-allophycocyanin (APC; clone TULY56), CD146-PE (clone P1H12) and CD162-PE (P-selectin glycoprotein ligand-1, PSGL-1; clone KPL-1) were obtained from eBioscience (Santa Clara, CA, USA). Anti-CD24-PE (clone SN3), CD61-APC (clone Y2/51), CD66b-fluorescein isothiocyanate (FITC; clone 80H3) and CD326-PE (epithelial cell adhesion molecule, EpCAM; clone EBA-1) were obtained from Miltenyi Biotec (Leiden, the Netherlands), Agilent Technologies (Santa Clara, CA, USA), Beckman Coulter (Brea, CA, USA), and Thermo Fisher Scientific (Waltham, MA, USA), respectively. APClabeled IgG 1 (clone MOPC-21), FITC-labeled IgG 1 (clone X40) and PE-labeled IgG 1 (clone X40) were from BD Biosciences (Franklin Lakes, NJ). For surface plasmon resonance imaging (SPRi) analysis, antibodies against CD8 (clone RPA-T8), CD19 (clone SJ25C1) and CD56 (clone HD56) were purchased at BioLegend (San Diego, CA, USA). Antibodies against CD24 (clone SN3), CD146 (clone P1H12) and PSGL-1 (clone KPL-1) were obtained from eBioscience. Anti-CD61 (clone V1-PL2) and antiCD66b (clone 80H3) antibodies were from BD Biosciences and GeneTex (Irvine, CA, USA), respectively. For immune-depletion analysis, the CD24 MicroBead Kit from Miltenyi Biotec was used. This kit includes a biotinylated monoclonal antibody against CD24 (clone 32D12) and MicroBeads conjugated with monoclonal anti-biotin antibodies. For fibrin generation, essentially a plasma recalcification assay, the inhibitory antibodies against human (coagulation) FVIIa (clone CLB VII-1) and FXIIa (clone CLB OT2) [24] were obtained from Sanquin (Amsterdam, the Netherlands). For transmission electron microscopical analysis, anti-TF (clone HTF-1) and anti-CD24 (clone SN3) antibodies were obtained from eBioscience and Bio-rad (Hercules, CA, USA), respectively. Rabbit-anti-mouse (RAM) antibody (Agilent Technologies) and colloidal gold particles conjugated to protein A (Utrecht University) were used for detection of the antibodies. For whole blood flow chamber model analysis, the inhibitory antibody against human CD24 (clone SWA11) was described before [17] and an antibody against human CD11b (clone M1/70; Santa Cruz, San Diego, CA, USA) was used as control antibody.
Collection of human saliva
Saliva was collected from healthy human volunteers (n = 5) with informed consent after overnight fasting as described previously [2] . Briefly, saliva was collected and centrifuged at 400 9 g and 4°C for 10 min to remove cells. The cell-free supernatant was collected and centrifuged at 1550 9 g and 4°C for 20 min to remove remaining cells and cell debris. The cell-free saliva samples were kept on ice until use.
Flow cytometry analysis of salivary EVs
Salivary EVs were diluted in phosphate buffered saline (PBS) containing citrate (citrate-PBS, 1:10 v/v, pH 7.4; 0.22 lm filtered) to a final concentration of 1.6 9 10 6 particles/mL to circumvent swarm detection. Before labeling, the antibodies were centrifuged at 18 900 9 g for 5 min at 4°C to remove aggregates. To identify the cellular origin or to obtain information on the biochemical composition of EVs, 20 lL diluted EVs were incubated with 2.5 lL antibodies of interest. Final concentrations used were: 2.5 lg mL À1 for CD8-PE, CD19-PE, CD61- Gates were based on isotype controls and the molecules of equivalent soluble fluorescence were calculated as described before [25] . Our flow cytometer detects single EVs, when corrected for refractive index and optical configuration of the instrument, of~170 nm and larger [26] .
Surface plasmon resonance imaging (SPRi) analysis of salivary EVs
The presence of antigens on salivary EVs was studied by SPRi as described previously [25] . In short, antibodies against CD8, CD19, CD24-FITC, CD56, CD61, CD66b, CD146 and PSGL1 were printed on an SPRi sensor (Easy2Spot G-type, Ssens, Enschede, the Netherlands) with a microfluidic printer (CFM 2.0, Wasatch Microfluidics, Salt Lake City, UT, USA). Antibodies were prediluted to 10 lg mL À1 in acetic acid buffer (pH 4.5, Merck, Darmstadt, Germany) supplemented with 0.05% (v/v) Tween 80 (Sigma Aldrich, St. Louis, MO, USA) and printed in four spots per antibody. Subsequent blocking was performed with 100 mM 2-amino ethanol followed by 1% (v/v) bovine serum albumin (BSA; both Sigma Aldrich). Unbound material was removed by incubating for 20 min with 0.1 M glycin-HCl (pH 3.0, both Merck) supplemented with 0.3% Triton-X100 (Sigma Aldrich). Saliva was diluted 1 : 1 with PBS (pH 7.4; 0.22 lm filtered) and incubated for 60 min on the sensor surface and material capture was monitored in real time with the MX96 SPRi device (IBIS Technologies, Enschede, the Netherlands). SPRi signals were determined for every antibody spot, compared with surrounding regions without antibodies, and subsequently averaged over the four spots per antibody using home-made software in Matlab R2016b (Mathworks, Natick, MA, USA).
Immune depletion of CD24 + extracellular vesicles from human saliva
The l Column (Miltenyi Biotec, Leiden, the Netherlands) was prepared according to the manufacturer's description. In general, the l Column was placed on a magnetic stand and washed once with 100 lL 70% ethanol, followed by three times with 500 lL PBS (pH 7.4; 0.22-lm filtered).
Prior to the immune depletion, the concentration of CD24 + EVs was measured by flow cytometry. To circumvent overloading of the column, saliva was diluted with PBS until a concentration of approximately 10 7 mL À1 CD24 + EVs was reached. Then, 20 lL biotin-conjugated anti-CD24 antibody was added to the 100 lL diluted saliva sample. The mixture was incubated at 4°C for 2 h while gently mixing as described, followed by addition of 60 lL PBS buffer and 40 lL monoclonal anti-biotin antibody conjugated Micro Beads, so that the final volume of the mixture was 220 lL (i.e. 2.2-fold diluted compared with the initial saliva sample). The mixture was further incubated at 4°C for 15 min while gently mixing. After incubation, the mixture was carefully loaded on to the prepared l Columns without introducing any air bubbles. The flow-through was collected and marked as 'CD24 -fraction'. The column was then washed once with 500 lL PBS. The effluent was collected and marked as 'wash'. The column was removed from the magnetic stand, all the remaining contents were flushed from the column with 100 lL PBS by a plunger and marked as 'CD24 + fraction'. To correct for the dilution of the initial saliva sample, the 'CD24 + fraction' samples were diluted 2.2 times with PBS and all samples were kept on ice until further use.
Measuring the coagulant activity of extracellular vesicles
The fibrin generation assay was performed to determine the coagulant activity of salivary EVs as described previously [2] . In brief, EV-depleted plasma was prepared by centrifuging human pool plasma at 18 900 9 g and 20°C for 1 h. For the assay, 70 lL EV-depleted plasma was mixed and incubated with 20 lL indicated sample with or without 6 lL antibodies against FVIIa or FXIIa (final concentration 54 lg mL
À1
) for 5 min at 37°C in a 96-well plate. The clotting was initiated by addition of 15 lL CaCl 2 (final concentration 13.5 mM) solution. Fibrin generation was monitored by measuring the optical density of the plasma at k = 405 nm using a SpectraMax i3 microplate detector (Molecular Devices, Sunnyvale, CA, USA) for 1 h at 37°C. The clotting times (CTs) were defined as described previously [2] .
Immunogold label transmission electron microscopy Salivary EVs were isolated by size-exclusion chromatography (SEC) prior to being immunogold labeled followed by transmission electron microscopic (TEM) analysis. Size-exclusion columns were prepared as described previously [27] with slight modifications. A 15 mL-SPE Flash Column with polyethylene frits (Kinesis, Saint Neots, UK) at both ends was stacked with 10 mL Sepharose CL-2B (GE Healthcare, Chicago, IL, USA), washed in PBS (pH 7.4; 0.22-lm filtered). On each column, 1 mL cell-free saliva was loaded and eluted by PBS. Fractions of 0.5 mL were collected; fractions 8 and 9, which contain most EVs and the lowest concentration of soluble proteins, were pooled for analysis by TEM. SEC-isolated salivary EVs were fixed for 1 h by adding an equal volume of 0.2% paraformaldehyde (Aurion, Wageningen, the Netherlands) in PBS (pH 7.4; 0.22-lm filtered). EVs were adsorbed on grids by letting formvar-carbon-coated grids float on 10-lL suspensions on a sheet of parafilm for 7 min. Grids were washed three times for 2 min with filtered PBS by transferring the grids from one drop of PBS to another. Grids were incubated with filtered glycine (50 mM in PBS) for 15 min, washed three times, and blocked with Aurion blocking solution (Aurion, Wageningen, the Netherlands) for 30 min. Subsequently, the grids were washed with 0.1% BSA-c TM washing buffer (weight/ volume; Aurion), and incubated with the first anti-TF antibody (10 lg mL À1 ; clone HTF-1; eBioscience) or anti-CD24 (1 lg/mL; clone SN3; Bio-Rad) for 45 min. Grids were washed three times with 0.1% BSA-c TM buffer and incubated for 20 min in the same buffer with rabbitanti-mouse antibody (17.5 mg/mL; Agilent Technologies). Grids were then washed three times with 0.1% BSA-c TM buffer and incubated with 10 lL protein A conjugated with colloidal gold particles (Utrecht University; 5 nm for CD24 and 10 nm for TF) for 20 min. The grids were washed six times and fixed by incubating for 5 min with 1% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in filtered PBS. For double-labeling, grids were washed another six times and the immunogold staining procedure was repeated from the incubation with filtered 50 mM glycine for 15 min onwards. Instead of anti-TF antibody, grids were subsequently incubated with the second anti-CD24 antibody and 5 nm gold. Finally, the grids were washed in PBS and incubated with 1.75% uranyl acetate (Merck, Darmstadt, Germany) for 7 min and the excess uranyl acetate was blotted on a filter paper and thereafter left to dry. Stained vesicles on grids were visualized with electron microscopy operated at 80 kV (FEI, Thermo Fisher Scientific) using a Veleta 2000 9 2000 side-mounted CCD camera and Imaging Solutions software (Olympus, Tokyo, Japan).
Biological activity test of TF + /CD24
+ salivary EVs in a whole blood flow chamber model PPACK-PENTA blood of healthy volunteers was collected with approval of the local medical ethical committee of the University Medical Center Utrecht. Glass coverslips and the perfusion chamber were prepared as described before [28] with slight modifications. Glass coverslips were coated with Horm collagen, as previously described [29] , for 1.5 h at room temperature and blocked with 1% human serum albumin overnight at 4°C. PPACK-PENTA blood (includes 10% saline, final concentrations of 50 lM and 20 lg mL À1 for PPACK and PENTA, respectively) was perfused using a syringe pump (Harvard Apparatus, Holliston, MA, USA) at a shear rate of 1600 s À1 for 3 min. Thereafter, 1 mL human saliva or indicated sample was perfused over the coverslip manually within 1 min, followed by rinsing the coverslip with 1 mL HEPES-Tyrode's buffer (pH 7 
Statistics
Data were analyzed by two-tailed Student's t-test (GraphPad Prism software Version 7.0, GraphPad Software, CA, USA). P < 0.05 was considered to be statistically significant.
Results
Surface antigens of salivary EVs
EVs were labeled with antibodies against CD8 for T cells, CD19 for B cells, CD56 for natural killer cells, CD61 for platelets, CD66b for granulocytes, CD146 for endothelial cells, and CD24 and PSGL-1 as ligands of P-selectin. CD24 and CD66b stained the highest numbers of salivary EVs as detected by flow cytometry (Fig. 1) . To confirm the flow cytometry results, we also studied the exposure of CD24, CD66b and PSGL-1 by SPRi [25] . The SPRi results shown in Fig. 2 confirm that CD24 and CD66b are clearly present on salivary EVs, whereas PSGL-1 is either absent or below the limit of detection.
Occurrence of CD24 and TF on salivary EVs
We hypothesized that CD24 is involved in delivery of coagulant TF to a site of vascular injury. Therefore, we determined whether CD24 and coagulant TF co-localize on salivary EVs. Saliva samples were immune-depleted using CD24 antibody-coated beads (Fig. 3A) . The flow through (i.e. the CD24 -fraction) and the fraction containing the CD24 + EVs were collected separately to study their coagulant activity. Firstly, we showed that the coagulant activity of human saliva is exclusively associated with EVs (Fig. 3B) , and salivary EVs trigger clotting faster than EVs isolated from LPS-stimulated human whole blood (P < 0.05; Figure S1 ). Secondly, the TF coagulant activity of the cell-free saliva was abolished after capturing CD24-exposing EVs (Fig. 3C, CD24 fraction). In contrast, the fraction containing the captured CD24-exposing EVs promoted TF-dependent fibrin formation, which was completely inhibited by an antibody against human FVIIa but insensitive to inhibition of FXIIa (Fig. 3D-E) . Thus, we deduce that CD24 and coagulant TF co-localize on a subpopulation of salivary EVs. We further investigated the cellular origin of the CD24 + EVs by flow cytometry, by double-labeling the EVs with anti-CD66b, a granulocyte marker (Fig. 3F) . More than 70% of the CD24 + EVs double-stained for CD66b, suggesting that most of the CD24-exposing EVs originate from granulocytes (Fig. 3G) . The coagulant activity of saliva was strongly inhibited by immune depletion of CD66b + EVs, confirming that coagulant TF-EVs in human saliva are likely to originate from granulocytes (n = 5, Figure S2 ). To confirm that CD24 and TF indeed co-exist, we performed immunogold labeling after isolation of EVs by SEC (Fig. 4) . Salivary EVs were labeled with anti-TF antibody tagged with 10 nm gold particles (Fig. 4A, black  arrows) , anti-CD24 antibody tagged with 5 nm gold particles (Fig. 4B, white arrows) , or both (Fig. 4C, i-iv) and controls ( Fig. 4D-G) . As illustrated in Fig. 4(C, i-iv) , both CD24 and TF were observed on a subpopulation of salivary EVs. When evaluating 200 EVs, 28% stained for both CD24 and TF, 20% for CD24, 9% for TF and 43% were negative for both CD24 and TF. In summary, electron microscopy confirms that a subpopulation of salivary EVs expose both TF and CD24.
Salivary EVs deposit coagulant tissue factor on platelets via CD24
We next investigated whether the CD24 + /TF + human salivary EVs are being deposited at the surface of activated platelets and trigger coagulation in a whole blood perfusion model. Blood was perfused over collagen-coated cover slips for 3 min (Fig. 5A, a) . During perfusion, platelets adhered to collagen, underwent morphological changes suggesting platelet activation and formed aggregates (Fig. 5A, b) . Thereafter, saliva containing EVs or indicated samples was perfused, followed by washing with buffer to remove unbound components (Fig. 5A, c) . Because of the diffraction limit, the deposition of salivary EVs on platelets cannot be observed directly and therefore no differences were detectable between Fig. 5(A, b) and 5(A, c) Finally, plasma was mixed with FITC-conjugated tPA and perfused to monitor fibrin generation in time (Fig. 5A, d) . Within 2 min a fibrin network was formed starting at the site of platelet aggregates when the plasma was perfused over the sample that had been pretreated with EV-containing saliva (Fig. 5B , average = 111 s; Video S2.1). In contrast, no fibrin formation was observed within 15 min when the plasma was perfused over the EV-depleted saliva (Video S2.2). When plasma was perfused over the sample pretreated with EV-containing saliva in the presence of anti-CD24, the time to fibrin formation increased to over 700 s (Fig. 5B , Video S2.3). In contrast, the time of fibrin formation was unaffected when the plasma was perfused over EV-containing saliva that had been pretreated with a control antibody (Video S2.4). Thus, blocking CD24 on salivary EVs inhibits the deposition of TF on platelet aggregates under flow conditions.
Discussion
Previously, the interaction between CD24 and P-selectin has been studied extensively in both human and mice models using transfected cell lines, inhibitory antibodies and binding assays [17, [30] [31] [32] [33] . In addition to these static interaction studies, the interaction between CD24 and P-selectin was shown to support rolling of breast cancer cells on endothelial cells in a flow model [18] . In our study, we demonstrate that EVs from human saliva expose CD24, a ligand of P-selectin, as well as TF, and that these EVs are deposited on activated platelets, where they trigger TF-dependent coagulation. Although a role of P-selectin seems likely, we were unable to purchase or obtain an inhibitory antibody against P-selectin, and therefore the role of P-selectin needs to be confirmed.
Regarding the cellular origin of the CD24 + EVs, saliva of healthy human individuals is known to contain granulocytes [34, 35] . When we labeled cells in saliva with anti-CD66b, a major cell population stained for this granulocyte marker (Figure S3A-C) . Furthermore, most granulocytes were also double-labeled with anti-CD24 ( Figure S3D ). Next, we studied whether granulocytes release EVs in a whole blood model ( Figure S3E-H The diameter of EVs stained for TF and CD24 are mostly 200 nm and larger, as shown by TEM. In suspension, the diameter of EVs will be slightly larger because EVs shrink to dehydration and fixation by about 14% when being prepared for TEM [26] . Therefore, a major fraction of the single EVs staining for TF and/or CD24 is indeed above the detection limit and thus can be measured by our flow cytometer. Both ultracentrifugation and passing cell-free saliva through a 0.2-lM filter reduced the number of EVs measured by flow cytometry when labeled with anti-CD24 antibody or lactadherin (data not shown), confirming the presence of such EVs in saliva. We assume that the size distribution of salivary particles as detected by tunable resistive pulse sensing ( Figure S4 ) reflects mostly non-EV particles, as previously shown for human plasma [36] .
The function of TF-exposing EVs has been extensively studied in vitro as well as in vivo [15, [37] [38] [39] [40] . Tumorderived TF-exposing EVs induce platelet aggregation [15, 41] and enhance the size of venous clots in mice [38] .
Previous studies have shown that tumor-derived EVs increase the size of venous clots by delivering coagulant TF via PSGL-1, which interacts with P-selectin on activated platelets [15, 16, 39] . A recent study showed that TF + EVs from the human pancreatic cancer cell line BxPc-3 increased venous thrombosis in a mice model. Because these EVs exposed CD24 but not PSGL-1 [38] , CD24 may be responsible for delivery of coagulant TF to the site of vascular damage, thus contributing to hemostasis on the one hand, but possibly also increasing the risk of developing venous thrombosis. However, whether CD24 + TF-exposing EVs occur in pancreatic cancer patients, and whether such EVs play a role in increasing the incidence of venous thrombosis in cancer patients, needs further investigation. In reality, it is likely that not one but a set of receptors and ligands are involved in the interactions between circulating EVs and an area of vascular damage. Indeed, for a different pancreatic cell line, Panc02, Thomas et al. showed that the clot size in a mice stenosis model is independent of P-selectin [37] mediated by a v b 1 and/or a v b 3 [42] . Because there are many differences between the before mentioned studies, including differences in the origin and composition of EVs, it seems likely that various receptors may play a role in different thrombosis models. In sum, our present study shows for the first time that coagulant TF, exposed on CD24 + EVs in human saliva of healthy individuals, can be delivered at a site of vascular injury. In addition, our findings indicate that the deposited EVs trigger coagulation and thus facilitate an efficient hemostasis, thereby reducing the risk of infection and explaining our reflex of licking a wound. 
Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article: Fig. S1 . Plasma clotting induced by salivary EVs versus LPS-stimulated human whole blood-derived EVs. Whole blood was stimulated with LPS, then the EVs were collected by removal of the cells and the EV-containing plasma were tested undiluted or with 2, 5 and 10-fold dilution. The plasma clotting time induced by the salivary EVs was much shorter than the undiluted LPS-stimulated blood EVs. Fig. S2 . Clotting time of human plasma induced by CD24 + and CD66b + salivary EVs in the absence or presence of the inhibitory antibody against human factor VIIa (n = 5) Fig. S3 . Representative dot-plots of salivary cells labeled with control antibody (A) or anti-CD66b (B), overlay of control antibody and anti-CD66b (C) and double-labeling with CD66b and CD24 (D). Representative dot-plots of LPS-stimulated human whole blood-derived EVs labeled with anti-CD24 (E), CD66b (F), CD66b and CD24 (G); percentage of CD24 + EVs exposing CD66b + (H, n = 4). Fig. S4 . Size distribution of salivary EVs measured by tunable resistive pulse sensing. The red line at 70 nm indicates the lower limit of tunable resistive pulse sensing detection. Video S1.1. Monitoring of fibrin formation on salivaperfused platelet aggregates. Video S1. 2. Monitoring of fibrin formation on EV-depleted saliva-perfused platelet aggregates. Video S1. 3. Monitoring of fibrin formation on CD24 neutralized-saliva-perfused platelet aggregates. Video S1. 4. Monitoring of fibrin formation on IgG control-incubated saliva-perfused platelet aggregates.
